Among various utilizations of solar energy, solar-thermal conversion has recently gained renewed research interest due to its extremely high energy efficiency. However, one limiting factor common to all solar-based energy conversion technologies is the intermittent nature of solar irradiation, which makes them unable to stand-alone to satisfy continuous energy need. Herein, we report a three-dimensional (3D) graphene foam and phase change material (PCM) composite for the seamlessly combined solar-thermal conversion and thermal storage for sustained energy release.
Introduction
Solar energy is the ultimate energy source of everything there is on the earth, and given its wide availability and inexhaustibility, solar energy is considered as the most renewable and clean energy source available to the mankind. [1] [2] [3] Tireless efforts have been made, especially in the past two decades, in efficient utilization of solar irradiation for energy and environmental gains. [4] [5] [6] [7] [8] [9] [10] [11] Two typical examples are, photovoltaic (PV) materials, which convert solar irradiation to electricity, 4, 5 and photocatalysis (PC) processes, which utilize solar energy to generate chemical fuels (e.g., hydrogen) or to treat contaminated water. [6] [7] [8] While popular, these processes face a common challenge of low energy conversion efficiencies, with generally the state-of-the-art PV system achieving <50% while that of PC < 5%. 5, 8 On the other hand, solar-thermal conversion in which photothermal materials are employed to harvest solar irradiation and convert it to heat as terminal energy for beneficial usage, a seemingly primitive and ancient means of utilizing solar energy, has gained renewed research interest in the past decade and found itself certain niche applications due to its operation simplicity and more importantly extremely high energy conversion efficiency. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] In a sharp contrast to the PV and PC, with a proper design, including proper material selection and heat management, a modern solarthermal conversion process can reach a perfect solar-to-heat conversion efficiency of almost 100%. 10 An emerging concept in solar-thermal conversion is localized interfacial heating for water distillation/evaporation, which has reached a total system energy efficiency >90% thus represents a new avenue for energy-efficient clean water production and wastewater treatment. [12] [13] [14] [15] [16] [17] [18] Among energy-efficient photothermal materials are metallic nanoparticles (e.g., gold, silver, platinum), conjugated polymeric materials (e.g., polypyrrole, polyaniline), and carbon-based materials (e.g., carbon nanotubes, carbon black, graphite, graphene). [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Graphene, an atom-thin layer of pure carbon, has distinguished itself among its peers owing to not only its high light absorption and photothermal efficiency but also its high thermal, electrical conductivity, and superior mechanical strength. [22] [23] [24] [25] Nevertheless, one limiting factor common to all solar-based energy conversion technologies is the intermittent nature of solar irradiation (i.e. low-insolation periods and nights), which makes them unable to stand-alone to satisfy continuous energy need.
The solar-thermal conversion is no exception where proper thermal energy storage becomes essential to provide reliable and dispatchable thermal energy for sustainable utilization.
In general, current thermal energy storage methods are mainly twofold: sensible heat storage and latent heat storage. 10, [26] [27] [28] Compared with the sensible heat storage, which involves storing thermal energy by raising the temperature of a solid or liquid and is highly dependent on the specific heat capacity of the material, the latent heat storage engages an isothermal process in which energy is stored during melting and released during freezing of a phase change material (PCM) and thus offers a much higher storage density and narrower temperature range therein. [26] [27] [28] [29] [30] [31] [32] [33] Therefore, combining PCM-based heat storage with solar-thermal conversion can be a promising strategy in need. For such a composite to be effective, the following criteria with respect to its desirable thermophysical, kinetic and chemical properties should be met: (1) a high light-to-heat conversion efficiency of photothermal component and a high latent heat of PCM component, which necessitates a high weight fraction of the PCM in the composite; (2) a high thermal conductivity of the composite to allow for effective heat storing and releasing in the PCM; (3) a good chemical and structural stability of the composite in the course of the phase change (e.g., melting and freezing) to ensure the cyclic use of the material. With these considerations in mind, an interconnected macroporous and three-dimensional (3D) structure of a photothermal material with high thermal conductivity becomes a rational choice as a host of PCM.
In our previous study, we developed a facile in situ chemical reduction-assembly method to prepare 3D graphene foams, which exhibited 3D network structure of interconnected graphene sheets with low density, highly porous structures, and electrically conducting properties. 34 Because of the excellent photothermal effect of graphene, we believe that such a graphene foam would be an ideal scaffold to support PCMs. Herein, we report a graphene-PCM composite for the solarthermal conversion and the thermal storage for sustained energy release. The composite was obtained by infiltrating the 3D graphene foam with a commonly used PCM, paraffin wax. The high macroporosity and low density of the graphene foam allow for high weight fraction of the PCM to be incorporated, which enhances heat storage capacity of the composite. The interconnected graphene sheets in the composite provide (1) the solar-thermal conversion capability, (2) high thermal conductivity and (3) form stability of the composite. Under light irradiation, the composite effectively collects and converts the light energy into thermal energy, and the converted thermal energy is stored in the PCM and released in an elongated period of time for sustained utilization. In one further development, we employed the composite as a heat source for a thermoelectric device where the stored solar-generated thermal energy was utilized to generate sustained electricity when the solar irradiation was off.
Experimental

Materials
Graphite powder (<20 mm), sodium nitrate, potassium permanganate, hydrogen peroxide (30%), oxalic acid (OA), sodium iodide (NaI), ethanol, and paraffin wax were purchased from SigmaAldrich. All these chemicals were used as received. Deionized (DI) water purified in a Milli-Q (Millipore) system was used in all experiments.
Preparation of graphene foam
The graphene foams were prepared by an in-situ chemical reduction-induced self-assembly method reported previously. 34 Briefly, 20.0 mL of the graphene oxide (GO) suspension obtained by a modified Hummer's method with a concentration of 2.5 mg mL -1 was prepared, and then 0.5 g of OA and 1.0 g of NaI were added to the GO suspension to initiate GO reduction to reduced graphene oxide (rGO). The mixture was sonicated for 10 min and then transferred to an oil bath at 90 o C for 12 hours without stirring. The resulted black cylinder of graphene (rGO)
hydrogel was washed with ethanol and water in a Soxhlet extractor for 24 h to remove residual impurities and then the wet hydrogels were freeze-dried for 2 days to obtain graphene foams.
Preparation of graphene-wax composite
The graphene-wax composites were fabricated by infiltrating the previously prepared graphene foams (obtained from 2.5 mg mL -1 GO suspension) with liquid paraffin wax at 90 o C as illustrated in Figure 1a . Due to the highly porous structure of the graphene foams and its oleophilicity, the molten wax quickly infiltrated into the foams, and the so-obtained composites were then cooled down to room temperature. The mass fraction of wax in the composite was measured by comparing the weights of the foam before and after the wax infiltration, and at least three samples were measured to determine the average value. For the preparation of the simple mixture of graphene and wax, graphene powders obtained by the above mentioned reduction method were mixed with paraffin wax with a loading fraction of graphene ~3%, and the mixture was stirred continuously at 90 o C for 2 hours. Then the mixure was kept still at ambient condition to allow it to cool down to the room temperature to obtain the simple mixture of graphene and wax.
Characterizations
The morphology of the graphene foam and the composite was characterized by scanning electron 
Results and discussion
The graphene foam was prepared following the in situ chemical reduction-induced self-assembly method previously developed in our group. 34 In the course of the graphene oxide (GO) reduction, the restored conjugated graphene structures allow for the strong interaction between separate reduced GO (rGO) nanosheets via the hydrophobic and π-π interactions, which enables the rGO to self-assemble into a stable monolithic graphene foam (Figure 1a ). 34 The composite was obtained by simply infiltrating the graphene foam with hot liquid paraffin wax. Due to the highly porous structure of the graphene foam and its oleophilicity, the molten wax quickly infiltrated into the foam, and after the wax was cooled down to room temperature the graphene-wax composite could Due to the high porosity, the pristine graphene foam exhibited a low density of ~12.3 mg cm -3 and, after the wax infiltration, the composite had a high mass fraction of wax (97.8±0.2%), which was measured by comparing the weights of the foam before and after the wax infiltration. It is worth mentioning that the capillary effect between the graphene foam and the liquid wax resulted in a volume shrinkage of ~25.5% of the composite after the infiltration and the solidification of the wax. We believe that the capillary effect is conducive in confining the wax in pores of the graphene foam and in effectively preventing the liquid wax from leaking at elevated temperature (i.e., above the melting point of the wax), which is critical to the form-stability of the composite.
When placed on a hot plate with a temperature of 100 o C for 30 minutes, the composite maintained its original shape, without significant form-distortion and resulting in no leak of the liquid wax while, in a sharp contrast, the pristine wax pellet (i.e., without the graphene foam scaffold) quickly melted into liquid within 5 minutes under otherwise the same conditions (Figure 1d and e) .
Similarly, it was also found that a simple mixture of the graphene and wax with the same weight ratio (i.e., no 3D foam structure of graphene) melted into liquid and deformed at elevated temperature (ESI, Figure S1 ). The comparisons convincingly prove the critical role of the 3D graphene foam, even though its small weight percentage (<3.0%), in maintaining the form-stability of the resultant composite.
Thermal stability of the composite was examined by using a thermogravimetric analysis (TGA) whose results are presented in Figure 1f Graphene is well known to have strong light absorbing capability. 13, 25 To evaluate the light absorbing capability of the composite, diffuse reflectance spectra of the composite were measured and the light reflection results are presented in Figure 2a . Clearly, compared with the pristine wax, both the graphene foam and the composite with a thickness of ~ 1.0 mm exhibited low light reflection (less than 2.5%) within a wide wavelength range (i.e., 200-800 nm) ( Figure 2a ) and zero transmittance (ESI, Figure S2 ), demonstrating strong light absorbance by the graphene. The absorbed light was converted to heat by the graphene. To study the solar-thermal conversion and thermal energy storage performances of the materials, samples of the composite, pristine wax, and graphene foam were irradiated by the simulated solar light, and an infrared (IR) camera was used to capture thermal images and to record the temperature change of the samples in air, as schematically presented in Figure 2b . To minimize the heat loss, three circular non-through holes were made on surface of a thermally insulating polystyrene foam and the samples with the same weight of ~0.2 g were placed in these holes whose sizes were identical to those of samples. The simulated solar light was shined on top of the samples. All sample had the same top surface area of ~0.246 cm 2 exposed to the light and the measurement was conducted at constant ambient temperature (~22°C). Under the light irradiation, a steady-state temperature, which is defined as the temperature at which the heat generation under light irradiation and heat dissipation due to radiative heat flux is at equilibrium, would be established. The fast temperature equilibration of the composite under the light irradiation can also be attributed to its thermal conductivity, which is an important parameter of the solar-thermal conversion and thermal storage composite. The thermal conductivity of the composite was estimated to be 0.617 Wm -1 K -1 by IR thermal imaging (The measurement details can be found in ESI part, Figure S3 ) while that of the pristine wax was only ~0.309 Wm -1 K -1 . We believe that the good contact between the graphene sheets and the paraffin wax in the composite enables the composite to inherit the high thermal conductivity from individual graphene sheets 35 and it is the 3D network of the interconnected graphene sheets in the foam that provides dominant heat transfer pathways. 29, 36 Thus, it is not a surprise that the simple mixture of graphene and wax composite (i.e., without 3D interconnected foam structure of graphene) with the same weight fraction only achieved a thermal conductivity of ~0.372 Wm -1 K -1 . It should be noted that the relatively low thermal conductivity of the graphene-wax composite in this study, compared with those of chemical-vapor-deposition produced graphene and compressed expanded natural graphite based composites, 29, 36 was probably because of the low loading fraction of and the defects in the chemically reduced graphene oxide.
By design, the composite is expected to effectively collect, convert the light irradiation into heat, and at the same time store the thermal energy. To prove the energy storage capability of the composite, the light was turned off after one-hour irradiation and the temperature decline curves of the samples were recorded (Figure 2d and f) . A temperature plateau could be clearly observed during the cooling of the composite, which is an expected result of stored heat releasing by a PCM.
The same phenomenon was not observed on the graphene foam, which quickly cooled down to ambient temperature also as shown in the thermal images of Figure 2g . These results indicate that the combination of the photothermal graphene and the PCM is essential for the successful solarthermal conversion and thermal energy storage.
It is the wax that imparts the composite with the shown thermal storage capability. The thermophysical properties of the wax were then investigated by differential scanning calorimetric (DSC) measurement and were compared with those of the pristine wax. Figure 3a presents the DSC curves of the composite and the pristine wax undergoing melting and freezing cycles and Table 1 summarizes their thermal characteristics. As revealed by the DSC measurements in Figure   3a , the composite and the pristine wax exhibited quite similar endothermic and exothermic behaviors. It can be seen that the melting point (Tm) and freezing point (Tf) (peak temperature of the DSC curves) of the pristine wax and the composite were quite close, indicating that the infiltration of the wax in the graphene foam had little effect on its thermal properties. Normalized melting enthalpy of the composite during 15 cycles of melting and freezing processes. Table 1 . Thermophysical properties of the wax and the graphene-wax composite.
Upon the removal of the light, a temperature plateau could be observed during the cooling process of the composite starting at ~58 o C (Figure 2f ), corresponding to the thermal energy releasing characteristic of phase change (freezing) of the wax in the composite. In addition, the composite exhibited a very good thermal stability. We found that during 15 melting-freezing cycles, the melting enthalpy of the composite showed negligible change, which promises for repeated uses of the composite (Figure 3b ).
With the combined solar-thermal conversion and thermal energy storage capability, the graphene-wax composite can be expected as heat source for solar thermoelectric generator for sustained power generation. As a proof of concept, we designed a solar-driven thermoelectric conversion system to demonstrate sustained power generation by the composite (Figure 4a ). In more details, the composite was fixed on the hot end of a commercially available thermoelectric conversion module (4.0 cm×4.0 cm) and was exposed to the simulated solar irradiation, and the 
Conclusions
In this study, we rationally devised and fabricated a novel composite of graphene-wax for the combined purpose of solar-thermal conversion and thermal energy storage. The composite was prepared by infiltrating the self-assembled 3D graphene foams with phase change material of paraffin wax. Under the light irradiation, the composite effectively collects and converts the light energy into thermal energy, and the converted thermal energy is stored in the PCM and released, when the light is off, for an elongated period of time for sustained utilization. We believe that this study provides a promising route for sustainable utilization of solar energy.
